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The intensity changes and frequency shifts of the 1299,
1456, and 1578 cm-1 absorptions in the pH dependent Raman
spectra of adenosine-5'-monophosphate, 8-Br-adenosine-5'-
monophosphate indicate that the syn conformation inhibits
protonation at N3 of adenine possibly due to steric
hinderance. Our results also suggest which resonance forms
are present in solution for the protonated species. The
vibrational assignments for 8-Br-5'AMP are reported for pH
6.9. Ab initio STO-3G level calculations and localized
molecular orbitals from the Partial Retention of Diatomic
Differential Overlap method are reported for various
protonated and tautomeric forms of adenine. The localized
molecular orbitals indicate that the bonding patterns of the
pi electrons are highly sensitive to the protonated site.
This is consistent with experimental results. The
conformational energy results show that N3 protonation is more
favorable in the anti conformation by 32.2 kcal/mole than N3
protonation in the syn conformation, and that N3 protonation
may cause a change in conformation. The 8-Cl-adenosine
results show a smaller range of rotation about the base ribose
bond than the range observed for adenosine and N3 protonated
adenosine.
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Nucleotides have been under intense study in order to
establish suitable mechanisms to describe their biochemical
behavior. The elucidation of the structure of the DNA helix
by Watson and Crick* immediately indicated possible mechanisms
in which these molecules would participate. However, the
mechanisms which cause mutations and disease are currently not
well understood. Structure-function relationships using
substituted nucleotides have proven to be very useful in
probing these mechanisms.2 Substituted nucleotides have also
been shown to exhibit anticancer and antiviral activity. So
these studies can also be useful in developing anticancer and
antiviral agents.3
A variety of methods have been used to examine the
structure and chemical behavior of nucleotides and some of
their analogues.4 The most widely used methods for structural
determinations in solution are NMR, IR, FT-IR, and Laser Raman
Spectroscopy. This study examines the changes in vibrational
spectra of 8-Br-AMP as a function of pH using laser Raman
spectroscopy.5 Raman spectroscopy is particularly useful for
studying nucleotides in aqueous solutions because neither the
ribose group nor the solvent have strong absorptions in the
region where the adenine vibrations are active.6 This is the
first report of Raman
spectra of 8-Br-AMP as a function of pH.
Ab initio Self Consistent Field calculations7 were also
1
2
performed: first, to relate electronic energy changes with
spectral observations; secondly, to examine the relative
stability of the species observed in solution at different
pH's and their tautomers; and finally, to examine the effect
of conformation and Cg substitution on protonation. Localized
molecular orbitals^ were also generated to examine the bonding
schemes in the major species observed in solution, and their
tautomers.
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Chapter I
Laser Raman Spectroscopic Study of 8-Br-5'AMP
at Various pH1s
INTRODUCTION
In order to fully understand the macromolecular structure
and function of nucleic acids, studies of their basic units
have proven to be very useful. The experimental studies have
been performed for these molecules using various spectroscopic
techniques.1 Laser Raman spectroscopy is a particularly
useful technique for studying nucleotides.2 The absorption
frequencies and intensities of Raman bands are sensitive to
the molecular conformation of biological compounds,3 but the
characterization of these absorptions is essential before any
useful information can be deduced from the observed spectra.
A significant amount of progress has been made with the
application of normal coordinate analysis4 to the nucleic acid
bases3 and phosphate group.5 The normal coordinate analysis
assigns atomic motions to a particular normal vibrational
mode. In order to accomplish this, a proper set of force
constants is required. The force constants are used to
calculate the vibrational frequencies. The vibrational
frequencies are assigned based on the atomic motions that are
described by the internal (ie normal) coordinates.6a The most
commonly used method for determining the vibrational
frequencies is the Wilson GF matrix method.633 The individual
vibrational frequencies are described classically by the
expression:
-V = (2*Tr)"1 (k/^)1/2,
where k is the force constant,^ is the reduced mass, and V
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is the vibrational frequency. The number of vibrational modes
(or vibrational degrees of freedom) for linear molecules is 3N
- 5, and for nonlinear molecules the number of vibrational
modes is determined by 3N - 6. Not all of the modes of
vibration of a molecule are active by a particular
spectroscopic method, but this can be determined by rules of
symmetry. For instance, Raman active vibrations occur due to
a change in the polarizability tensor of the molecule, whereas
infrared (IR) active vibrations occur due to a change in the
dipole moment of the molecule. This sometimes results in
different vibrations being active in Raman spectroscopy than
those active in IR spectroscopy. Some vibrations are common
to both types of spectroscopy, and some are degenerate (ie of
the same frequency). The phosphate group frequencies have
been used to determine the backbone conformation of
polynucleotides.2 The 1100 cm-1 absorption has been assigned
to the PO2~ symmetric stretching mode, and the absorption
occuring in the 800-880 cm-1 region has been found to be
diagnostic for determining the phosphate-ribose conformation
for DNA and RNA.2 RNA has been observed in the A-type
conformation 2 while DNA has been observed in the A, B, and C-
type conformations.2 The A, B, and C forms of DNA have Raman
absorptions at 811 + 4, 835, and 870 - 880 cm-1
respectively.2 The PO2" absorption at 1100 cm-1 is used as
an internal standard for determining the % conformation for
the various types of DNA.2 The intensity ratio
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1(811 cm-1)/I(1100 cm-1) for 100% A-type DNA is generally
taken to be 1.65 + 0.05.2 It has also been reported that the
sugar group in nucleotides has very weak or no Raman
absorptions in the region where the absorptions for the base
and phosphate groups are observed.3 So the normal coordinate
analysis of the base can be related to the observed Raman
spectra of nucleosides and nucleotides.
Substituted nucleotides are of interest due to their
biological activity for use in mechanistic studies as well as
for possible use as medicinal agents. The mechanism of action
of a nucleic acid derivative is closely related to the
metabolism of the original compound in the biological system
in question. Kinetic studies7a examining the effect of
coenzyme conformation on dehydrogenation enzyme activity
suggests that in nicotinamide adenine dinucleotide (NAD), the
nicotinamide ring prefers the anti-conformation. It has been
demonstrated that the adenine conformation in nicotinamide 8-
Br-adenine dinucleotide (N(8-Br A)D) is predominantly syn in
solution, but is found in the anti position when
cocrystallized with liver alcohol dehydrogenase.7b Other
dehydrogenating enzymes (ie lactate dehydrogenase) have been
found to prefer the coenzyme NAD with the adenine moiety in
the syn conformation. Since it is the nicotinamide ring that
is oxidized and reduced, these results indicate that the
adenine moiety may be important for coenzyme binding and that
the substituent at or near the C8 position of adenine may also
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display important binding activity. It must also be kept in
mind that the sugar group conformation (ie endo-exo
conformations), and phosphate backbone conformations have also
been demonstrated to be dependent upon the conformation of the
base.8 Therefore more studies are needed before any definite
conclusions can be drawn.
Del Bene 9 has calculated the base protonation energies
using the ab initio SCF method, and reports that the N]^
position of adenine is only slightly prefered over the N3
position. The N7 position is the least probable protonation
site,9 but is reported to be protonated at very low pH
values.10 T. O'Connor et al11 have estimated the pKa's of the
nucleotides from the pH dependence of Raman spectra, while
Chinsky et al12 have studied the changes in the Raman spectra
of the bases and nucleosides due to Br substitution at the C8
position of purines and at the C5 position of pyrimidines.
These studies11'12 for the adenine base show that some of the
Raman absorptions associated with base protonation are also
affected by Br substitution at the C8 position. The bromine
substitution at Cg causes a change in the base ribose
conformation.8'13 In 8-substituted nucleosides, the syn
conformation renders the imidazole ring non-planar which is
attributed to steric interactions.14 In the case of 8-Br-
adenine nucleosides, the H-bonding interaction between the
5'OH group and N3 is weakened due to protonation at N^.8 This
suggests that the proton affinity of the N3 position is
Figure 1-1. Adenosine-5'-monophosphate; anti conformation
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decreased when m1 is protonated, and that steric interactions
may hinder protonation at the N3 position for molecules in the
syn conformation. The effects on protonation of nucleotides
due to conformationally induced steric effects have not been
investigated.
In order to examine these effects, we have studied Raman
spectra of 8-Br-5'AMP as a function of pH, and have performed
electronic energy calculations for protonated and unprotonated
adenine, and their C8 substituted species, to correlate
structural and/or electronic energy changes that occurred upon
N^ protonation and Cg substitution with the observed changes
in the Raman spectra.
EXPERMENTAL
The 8-Br-5'AMP used in this study was synthesized in Dr.
Johnson's laboratory at Atlanta University by Dr. N.K. Bose,
and characterized using Rf values. The compounds were
dissolved in distilled water, and pH adjustments were made
using sodium hydroxide solution. The samples were prepared in
the 1.1 to 10.0 pH range. The pH was monitored using a Fisher
Scientific combination electrode with a Ag/AgCl reference
cell. The pH meter was calibrated using Fisher Scientific
buffer solutions with the stated accuracy of + 0.01 pH units.
Raman spectra were recorded from 250 to 2000 cm-1 using a
Spex Ramalog 6 spectrometer with the 514.5 nm line (Coherent
Radiation Model 54 Ar Ion Laser) as the excitation source.
The recorded spectra were calibrated by hand. The total width
of the spectra was measured and a scaling factor was
determined based on the initial and final wavenumbers. The
vibrational energies (v^) were determined by measuring the
distance from the starting point of the scan to the particular
vibrational energy (d^), and multiplying by the scaling factor
(sf). These values must then be adjusted to account for the
starting point of the scan by adding the starting wavenumber
(vs).
v^ = (d^ * sf) + vs
The reported frequencies are accurate to + 10 cm-1. The
vibrational assignments for the 8-Br-5'AMP absorptions are
made using the experimental results in conjunction with the
11
12
normal coordinate analysis by Tsuboi et al.3
The electronic energies for protonated and unprotonated
adenine, and the C8 substituted species were calculated using
the GAUSS80 program.15 The basis set employed is STO-3G.16
The geometrical parameters used in these calculations are
those of Del Bene.9 The Quantum Chemistry Program Exchange
(QCPE) program No. 421 used in this study does not contain a
basis set for fourth row atoms, therefore the calculations
were performed with Cl at the Cg position. The chlorine atom
is reported to be sufficiently bulky to give the same
conformation about the base ribose bond as bromine in
nucleotides.1^
RESULTS AND DISCUSSION
The spectra of 8-Br-AMP at various pH values are shown in
Fig. 1-2. The vibrational energies are listed in Table 1-1.
At pH < 2.7, the 1200 to 1500 cm-1 region has absorptions at
1300, 1429, and 1454 cm-1, but at pH > 3.1, absorptions are
observed at 1231, 1300, 1323, and 1462 cm-1. The absorptions
at 1231, 1302, 1323, and 1423 cm-1 change position and/or
intensity with pH variation; hence the behavior of these
absorptions must be due to the changes that accompany
deprotonation. The 761, 1223, 1326, 1423, and 1457 cm-1
absorptions are affected by Br substitution at C8 (Table 1-2),
and can be due to the imidazole ring of adenine. The
absorptions that vary with protonation and Br substitution at
the C8 position are the 1223, 1326, and 1423 cm-1 absorptions
and therefore should arise due to vibrations in both the
pyrimidine and imidazole rings of adenine.
Chinsky et al12 only associate the 1236 cm-1 absorption
of 8-Br-adenine with imidazole atom vibrations due to the -
20 cm-1 shift (from 1256 to 1236 cm-1) upon Br substitution at
C8. However the 1223 cm-1 absorption of 8-Br-5'AMP disappears
upon N! protonation (Table 1-2). T. O'Connor et al11 report
that the 1256 cm-1 absorption of 5'AMP is diagnostic for pKa
determination. The optimized geometries of adenine indicate
an increase in the N^C2 bond length upon N^ protonation
accompanied by bond angle changes in the pyrimidine ring.9




Figure 1-2. Raman spectra of 8-Br-5'AMP at various pH values
a) pH = 1.5; b) pH
e) pH = 6.9; f) pH
i) pH = 9.6; j) pH
2.7; c) pH = 3.1; d) pH = 4.9;
8.1; g) pH = 9.1; h) pH = 9.4;
10.0
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TABLE 1-1. Observed Vibrational Energies of 8-Br-5'AMP at
Various pH Valuesa
PH 1.1 2.0 3.1 4.0 4.9 5.9 6.9 8.1 9.1 10.0
1570 1555 1598 1552 1578 1578 1576 1578 1572 1580
1445 1454 1462 1443 1455 1461 1457 1458 1467 1466
1428 1429 1423 — — — —
___ 1323 1319 1328 1325 1326 1330 1326 1325
1302 1300 1299 1302 1301 1294 1293 1304 1296 1298
___ ___ 1231 1222 1226 1238 1223 1233 1230 1231
-_- — 980 972 976 980
__. 787 801 — 787 800
759 764 759 771 761 762 761 758 761 768
465 478 473 460 444 455 468 454 464 476
aVibrational energies in cm"1 accurate to + 10 cm-1.
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TABLE 1-2. Changes in the Vibrational Spectra of 5'AMP and


















Changes due to pHa*b
No change on deprotonation
Disappears above pH 3.95
Decreases in intensity
upon deprotonation
Disappears below pH 3.01
Decreases in intensity
upon deprotonation
Appears above pH 3.01
Changes shape at pH 3.01
Appears above pH 3.01
Appears above pH 3.01
a Results of T. O'Connor et al; Reference 11.
b This work.
c Found diagnostic for pKa determination.
d Not present at pH 7.0.
Does not appear in the spectra.
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lengths in the imidazole portion of adenine, but Mulliken
population analysis shows a small increase in the electronic
charge in the p orbitals of the C8 atom upon halogenation.18
These results suggest that the disappearance of the 1223 cm-1
absorption upon N^ protonation occurs due to changes in bond
lengths and angles, while the -20 cm-1 shift occurs due to
changes in mass and force constant. Therefore the 1223 cm-1
absorption of 8-Br-5'AMP is assigned to the N]^ s + C2H b +
N9C3 s + CgN7 s vibrations. The results are listed in Table
1-3.
At pH > 3.1, the 1423 cm-1 absorption disappears, and the
1231 and 1323 cm-1 absorptions appear. The spectra of adenine
has an absorption at 1377 cm-1,12 but this absorption is
absent from the spectra of the substituted species at pH 7.
In 5'AMP, the 1407 cm-1 absorption loses intensity as the pH
is increased, and gives a pKa value of 3.45 + 0.03.11 In the
5'AMP spectra, the 1378 and 1290 cm-1 absorptions appear when
the 1407 cm-1 absorption disappears upon deprotonation. The
similar behaviour observed for the 1223, 1323 and 1423 cm-1
absorptions of 8-Br-5'AMP indicates that these absorptions are
analogous to the 1290, 1378, and 1407 cm-1 absorptions of
5'AMP respectively. Chinsky et al12 report that the 1340 cm-1
absorption of adenine shifts to 1332 cm-1, and the 1310 cm-1
absorption shifts to 1307 cm-1 upon Br substitution, which is
not in agreement with the conclusions of this study. These
results indicate that the 1407, 1378 and 1290 cm-1 absorptions
18
TABLE 1-3. Vibrational Assignments for 8-Br-5'AMP
1) Assignmentsa >b
468 -NH2 out of plane deformation
761 in phase ring breathing
980 PO3~2 sym s
1223 KiC2 s + C2H b + N9C8 s + C8N7 s
1293 C5N7 S - C8N7 s + NiCg s + C6NH2 s
1326 N!C6 s - N7C5 s + C8N7 s
1423 C6NH2 s - NiCe s + C8Br b
1457 C4N9 s - C5C6 s + C8Br b + N3C2 s
1576 C4C5 s + C5C6 s - C4N3 s - C5N7 s
1652 -NH? scissor
s = stretch, b = bend; + = in phase, - = out of phase,
sym = symetric; values are at pH 7 except the 1652 and
1428 cm-1 bands.
Assignments were made based on the results of T. O'Connor
et al (Ref. 11), the results of this study, and the
normal coordinate analysis by Tsuboi et al (Ref. 3).
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of 5'AMP shift to 1423, 1323 and 1223 cm-1 in 8-Br-5'AMP
respectively, while the 1340 cm-1 absorption of 5'AMP shifts
to 1299 cm-1 in 8-Br-5'AMP. Since Chinsky et al12 report a
-20 cm-1 shift in the 1256 cm-1 absorption of adenine to 1236
cm-1 in 8-Br-adenosine, it is possible that the 1256 and 1290
cm-1 absorptions of 5'AMP overlap at 1223 cm-1 in 8-Br-5'AMP.
The differences in the shape of the absorption in the
respective spectra gives additional evidence to support this
explanation.
The relative intensity of the 1299 cm-1 absorption of 8-
Br-5'AMP does vary with pH, but it is not reported to be
diagnostic for pKa determination.11 At pH 6.9, the 1457 cm-1
absorption is the strongest, but at pH < 3.1 the 1299 cm-1
absorption is the strongest. This may be due to resonance
enhancement in the 1457 cm-1 absorption due to the large Br
atom at C8,12 which indicates that this absorption arises due
to the imidazole ring atom vibrations. This effect is not
observed in the spectra of 5'AMP. The 1340 cm-1 absorption in
the 5'AMP spectra behaves very similar to the 1299 cm-1
absorption of 8-Br-5'AMP. As stated earlier, Chinsky et al12
associates the 1340 cm-1 absorption of adenosine with the 1332
cm-1 absorption of 8-Br-adenosine, which is not in agreement
with the results of this study. Therefore the 1299 cm-1
absorption (at pH 3.1) is assigned to the CgNH2 + N7C8
stretching vibrations.
A comparison of the spectra of adenine and 8-Br-adenine
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indicates that the 1485 cm-* absorption of adenine shifts
by -20 cm-1 to 1465 cm-1 in 8-Br-adenine, and that the 1340
cm-1 absorption is the strongest absorption in the adenine
spectrum while the 1465 cm-1 absorption is the strongest in
the 8-Br-adenine spectrum at neutral pH.12 This is reported
to be due to a shift and enhancement of the 1465 cm-1
absorption.12 The 1457 cm-1 absorption of 8-Br-5'AMP does not
vary with pH, which indicates that only the imidazole ring is
contributing to this vibration. In 5'AMP, absorptions are
present at 1483 and 1509 cm-1 at pH 5.99, but at pH 3.46, the
1483 cm-1 absorption is not detected while the 1509 cm-1
absorption has gained intensity. These results show that this
absorption is sensitive to pH in the unsubstituted species,
but not for the substituted species. Since nitrogen
protonation causes an increase in bond angle,10 and bond angle
changes affect the coupling of Raman active vibrations, N3
protonation may cause the 1483 cm-1 absorption of 5'AMP to
shift to 1509 cm-1. These results also indicate that the 1509
cm-1 absorption of 5'AMP (or the 1511 cm-1 absorption of
adenine, Chinsky et al12) shifts to 1457 cm-1 in 8-Br-5'AMP.
These results are not in agreement with the results of Chinsky
et al.12 Finally, the behaviour of the absorptions in the
1475 to 1515 cm-1 region in 8-Br-5'AMP and 5'AMP suggest that
in the syn conformation N3 is not protonated, and that
resonance form II (Fig.1-3) contributes to the delocalization











8-Br-5'AMP. This suggests that different resonance forms are
present depending upon which sites are protonated, and that
protonation at N3 may be dependent upon the conformation about
the base ribose bond.
The 1578 cm-1 absorption does not vary with pH nor Br
substitution, so it should be mainly due to the C4C5 double
bond vibrations. In the 5'AMP spectra, the 1581 cm-1
absorption shifts to 1576 cm-1 upon deprotonation. T.
O'Connor et al11 report that this absorption is diagnostic for
determining pKa values for deprotonation at N^, but the values
are somewhat high. These results also suggest that N3 is
protonated only in the anti conformation, and that resonance
form III (Fig.1-3) is present only when N3 is protonated.
At pH 8.1, a broad absorption is present at 1652 cm-1, but
when pH 9.4 is reached, the 1652 cm-1 absorption has merged
with the 1578 cm-1 absorption which causes it to become the
strongest in the spectra (Fig.1-2). This absorption occurs in
the NH2 scissoring frequency range.19 The NH2 out of plane
wag at 468 cm-1 3 changes shape at pH 9.4. The resonance
Raman spectroscopy of visual pigments indicate an absorption
at 1620 cm-1 to be due to an unprotonated Schiff base.2
Therefore, it is quite possible that the broadening observed
in the 1578 cm-1 absorption at pH 9.4 may be due to
deprotonation of the external NH2 group because deprotonation
of the external NH2 group would cause the formation of an
unprotonated Schiff base in basic solution. These results
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indicate that different resonance forms are present at
different solution pH values. A similar behavior has been
demonstrated for guanine.20a'b'c
The 761 cm-1 absorption is assigned to a ring breathing
mode where all atoms stretch in phase. In unsubstituted
adenine, this absorption is observed at 729 cm-1,3 but is not
affected by changes in pH.
The appearance of the 980 cm-1 phosphate symmetric
stretching vibration at pH 6.9 indicates that the phosphate
group is ionized.21 The absorptions occuring in the 811 to
880 cm-1 region have been assigned to the ribose-phosphate
diester linkage, and are diagnostic for various forms of DNA
and the A form of RNA.2 So the appearance of a very weak
absorption in the 787 to 805 cm-1 region for 8-Br-5'AMP
suggests that an intramolecular interaction involving the
phosphate group is present at pH >_ 3.7.
The ab initio SCF calculations at the STO-3G level
indicate that the order of protonation is Hi > N3 > N7, and
that Cl substitution at C8 does not affect the order of
protonation (Table 1-4). The Cl atom substitution does
however affect N7 protonation. A comparison of the energy
differences between the H1 and N7 positions for substituted
and unsubstituted adenine indicates that the N7 protonated
form is less stable in 8-Cl-adenine than in adenine by 4.4
kcal/mole. Mulliken population analysis shows that the
electron density in the pz orbital of C8 is larger for
24
TABLE 1-4. Electronic Energies and Relative Stability of
Adenine and Protonated Adenine
' Electronic Energies (a.u.)
deprot. N^ prot. N3 prot. N7 prot.
adenine -458.61250 -459.08127 -459.07459 -459.05689
8-Cl-ade -912.61988 -913.06957 -913.06259 -913.03826
Relative Stability (kcal/mole)
adenine 0 294.15 289.96 278.85
8-Cl-ade 0 282.18 277.80 262.52















8-Cl-adenine = 8-Cl-ade; deprotonated = deprot.; protonated
= prot.
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substituted adenine than for the unsubstituted species, and
that the pz orbital of N7 shows a decrease in electron density
upon 8-C1 substitution. These results indicate that it is the
electron withdrawing effect of the electronegative Cl atom
that causes N7 protonated 8-Cl-adenine to be less stable than
N7 protonated adenine. Studies in the pH region below 1.1
should reveal whether Raman spectroscopy can monitor N7
protonation, and whether Br substitution at C8 will affect
protonation at N7.
CONCLUSIONS
Our results indicate that for 8-Br-5'AMP, the only
absorption not affected by Br substitution or pH variation is
the 1576 cm-1 absorption. The absorption due to -NH2
scissoring motion is observed at high pH values, and appears
to overlap with the 1578 cm-1 absorption at pH 9.4. This may
represent the formation of an unprotonated Schiff base. The
761 and 1457 cm-1 absorptions are sensitive to the substituent
at Cg, and are assigned to the in phase ring breathing mode
and imidazole ring vibrations, respectively.
Our results suggest that different tautomers of adenine
are possible, and that the presence of a given tautomer is
dependent upon the protonated site. The observed protonation
sites in 5'AMP and 8-Br-5'AMP are dependent upon the
conformation about the base ribose bond. It appears that when
N3 is protonated, resonance form II is suppressed (Fig. 1-3),
and that N3 is protonated only when the anti conformation is
present. Thus, the syn conformation in 8-Br-5'AMP does seem
to sterically inhibit protonation at N3.
The electronegativity of the Cl atom causes the N7
position to be a less stable protonation site, relative to N^,
in 8-C1 substituted adenine than in adenine by 4.4 kcal/mole,
which indicates that the conformation may not be the only
factor affecting the biological activity of these compounds,
because the N7 site of adenine has also been shown to be an
important metal ion binding site.22
26
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Chapter II
A Theoretical Study of the Protonation of Adenine
and the Conformers of Adenosine and 8-Cl-Adenosine
INTRODUCTION
Many different approaches 1 have been used to determine
the underlying mechanisms related to the function of DNA and
RNA in biological systems. One of the approaches has been to
examine the chemistry of their basic units, and relate that to
the behavior of the macromolecular structures in order to
deduce the possible mechanisms that can explain the observed
experimental results.2 Since it is extremely difficult to
experimentally determine the atomic interactions in enzymes
and macromolecular systems, theoretical techniques are being
used to aid in determining reaction mechanisms for biological
systems.3
The keto-enol tautomerism in guanine is believed to play
an important role in the mechanism for the initiation reaction
of the 'cap' of messenger ribonucleic acid (mRNA) because the
rate of the reaction is a function of pH of the solution.4
The tautomeric forms of the nucleic acid bases are also
believed to play a role in causing mutations.5 These
tautomers can hydrogen bond with other bases to form base
pairing schemes that do not conform to the normal Watson-Crick
base pairing scheme.5 In these rare tautomeric forms, adenine
can pair with cytosine, guanine, or adenine; and guanine can
pair with thymine, uracil, or adenine.5 This mispairing of
the nucleic acid bases, which is sometimes also accompanied by
a change in the base-ribose conformation, can give rise to
different types of mutations.5 These mutations arise because
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the helix formed by the mispaired base is so similar to that
of the normal helix structure that the checking enzymes do not
detect the misplaced nucleotide.5 In the codon-anticodon
relationship, the mispairing of bases due to the presence of a
rare tautomeric form can occur in the 'wobble' position, which
can lead to the placement of the wrong amino acid residue in
protein synthesis.6 The role of substituted guanines and
adenines in biopolymers has not been determined, but
substituted nucleotides 7 have been extensively used in
studies on enzyme activity as a trial and error method for
determining the effectiveness of a new compound,8 and as
biological probes in mechanistic studies.9 The majority of
naturally occurring modified nucleotides have been found in
transfer RNA (tRNA).10
The pH dependent laser Raman spectra of 5'AMP and 8-Br-
5'AMP indicated that N3 protonation is influenced by the
conformation of the molecule.11 These results also suggest
the possibility of different tautomeric forms of these bases.
Szczepaniak et al12a'b have performed ab initio SCF
calculations for the tautomers of guanine to determine the
most stable tautomeric form. Our study reports the results of
ab initio SCF calculations for various protonated forms of
adenine. Conformational energy calculations were also
performed on adenosine and N3 protonated adenosine, in order
to examine the effect of conformation on N3 protonation. The
results of the conformational energy calculations for 8-C1-
33
adenosine (Fig. 2-1) are also reported.
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Figure 2-1. Adenosine-5'-monophosphate; anti conformation.
METHOD
The calculations were done on forms I to XI (Fig. 2-2).
The geometries for forms I, II, III, IV, and VIII to XI were
taken from Del Bene's protonation study of nucleic acid
bases.-^ The geometries for V, VI, and VII were not
available. So they were estimated from the geometries of II,
III, and IV, but were not optimized. In order to estimate the
geometries for V, VI, and VII, the difference in the bond
lengths of II, III, or IV were calculated, and the new bond
lengths were determined based on the magnitude of the
difference, the direction of the difference, and the location
of the bond with respect to the protonated site. For example,
the geometry for V was estimated from the geometries of
structures II and III, but the geometry for VI was estimated
from the geometries of structures II and IV. The geometries
used for structures V, VI, and VII are given in the appendix.
The localized molecular orbitals (LMO's) for these forms
were calculated using the Partial Retention of Diatomic
Differential Overlap (PRDDO) method 14. The PRDDO method uses
the Boys' criterion15 for determining the LMO's. The
criterion for partial bond formation in the LMO's are those
described by Kleier and Lipscomb.1^ The LMO centers having an
electron population density (EPD) of < 0.35 e are not
considered as bonding. Those LMO centers having 0.35 to 0.60
e are drawn as half dotted-half solid lines, while those









The Gauss 80 program (QCPE No. 446)17 was used to perform
the conformational calculations. The conformational
electronic energy calculations were performed using an STO-3G
basis set.18 The torsion angle used for varying the
conformation about the base-ribose bond involves the C3, N9,
Cj_', and O in the ribose ring (Fig. 2-1). The conformation of
the ribose ring has been shown to vary with the most stable
conformation of the base relative to the ribose moiety.19 The
conformation of the ribose ring was held fixed in the C2' endo
conformation for all of the base-ribose conformations. The
ribose geometries were obtained from W. Saenger.^0
The protonation energies were calculated by subtracting
the SCF energies of the reactants from the energies of the
products.
RESULTS AND DISCUSSION
The electronic energies for structures I through XI are
presented in Table 2-1. The relative ordering of the energies
of the singly protonated species is calculated to be N^ < N3 <
N7. The protonation energy for the N7 site is -101.9
kcal/raole (Table 2-2), N3 is -113.1 kcal/mole, while the Nx
protonation energy is -117.2 kcal/mole. Since the difference
in energy between N^ and N3 protonation is calculated to be
4.1 kcal/mole, it is expected that a hydrogen exchange may
take place between N^ and N3 in acidic solution.11 The N7
site is reported to be protonated at very low pH values, so
the calculated order of protonation is in good agreement with
the reported pKa values for the N^ and N7 sites.21 The N7
site is also important in metal ion interactions.21
The relative energy ordering for the doubly protonated
species is calculated to be N^7 < N3N7 < N1N3 (Table 2-1).
The crystallographic data indicate a doubly protonated species
involving the N^ and N7 sites.22 The theoretical calculations
also predict this structure to be the most stable doubly
protonated species (Table 2-1), and gives a protonation energy
of -109.5 kcal/mole (Table 2-2). The existence of doubly
protonated adenine may be explained using Huckel's rules for
aromatic and antiaromatic compounds.2^ For the unprotonated
species a total of 18 'pi' electrons are present, which
satisfies the 4n + 2 rule for aromatic compounds. When one
proton is added, a total of 16 'pi' electrons are present,
38
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a Energies in au.
40
TABLE 2-2. Protonation Energies* of Adenine




Nx then N3a 19.7
N3 then N^ 15.5
Ni and N3 -97.6
N3 and N7 -105.7
Ni and N7 -109.5
Nx then N7a 7.9




* H+ + A —> HA+
a Nx then Ny = order of protonation: first Nx is
protonatea then Ny is protonated. Value listed is for
Ny protonation.
b deprotonation energy
c tautomerization energy (STO-3G)
d tautoraerization energy (PRDDO)
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which satisfies the 4n rule for antiaromatic compounds. Upon
the addition of a second proton, the number of electrons in
the 'pi' system is reduced to 14. Thus the addition of the
second proton causes this species to become aromatic, which
may account for the stability of doubly protonated adenine.
When the order of protonation is N^ then N7, the
protonation energy for the second step of the reaction is
calculated to be 7.69 kcal/mole, but when the order of
protonation is N7 then N^ the protonation energy for the
second step of the reaction is calculated as -7.61 kcal/mole.
These results also suggest that an N7 singly protonated
species may not exist.
When the doubly protonated species V is generated by
protonating Hi then N3, the protonation energy for the second
protonation is 19.7 kcal/mole. If the order of protonation is
N3 then Nlf the protonation energy for the second protonation
is 15.5 kcal/mole. In this approximation, these relative
protonation energies indicate that it is easier to protonate
Nx when N3 is protonated than it is to protonate N3 when Ki is
protonated. This observation is consistent with the nuclear
magnetic resonance study of Sarma et al19 which indicates that
the hydrogen bond between the N3 position of 8-Br-adenosine
and the 5'OH of adenosine is weakened when Hi is protonated.
The localized molecular orbitals (Fig. 2-2) show that when Hi
is protonated (II, VI), a partial double bond exists between
Hi and C6, but when N3 is protonated (III, V, VII),
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the partial (V) or full (III, VII) double bond is between }*i
and C2. Thus it seems that the double bonding pattern of
adenine is dependent upon which site is protonated, ie the
electrons of the 'pi' system are polarized in the direction of
the protonating hydrogen.
The localized structures for the N7 protonated species
give a difference in total energy between the N3 and N7
protonated species of 12.5 kcal/mole. This is in close
agreement with the results obtained with the STO-3G basis set
which give a difference in energy of 11.2 kcal/mole.
For structures IV, V, VI, VIII, and IX, five bonds are
formed at one carbon (C) atom (Fig. 2-2). It has been
previously shown that the Boys' localization procedure
sometimes generates chemically unreasonable structures, which
is attributed to inner shell orbital mixing.24 It should be
kept in mind that the geometries for structures V and VI were
estimated from the geometries of the associated singly
protonated species and not optimized, but structures IV, VIII
and IX were taken from Del Bene's protonation study.13 If the
bond distances and angles are not coordinated correctly, the
electron density distribution will not be correct. An
examination of the relationship between the geometry and the
LMO's will allow a conclusion to be drawn concerning the
bonding at the critical carbon atom, but this is not the aim
of this paper. So this will be examined later.
A comparison of the localized structures for the doubly
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protonated species indicates a general trend in which there is
a redistribution of electron density towards the protonated
site. For example, when D^ and N3 are protonated (V) the
double bond which causes five bonds at C4 is between C4 and
N9, but when Hi and N7 are protonated (VI), the double bond
which causes five bonds at C3 is located between N9 and C3.
The criterion used to predict bonding stipulates that 0.60 e,
is the starting point for double bond formation. The electron
density for the bond which causes five bonds to be drawn to
carbon in the doubly protonated species V and VI is just over
the limit prescribed by Kleier and Lipscomb16 at 0.63 and 0.62
e, respectively. In contrast, for the deprotonated imine
structures (VIII and IX), the electron density for the second
bond between C2 and N3 is 0.69 e. These highly anionic
forms (structures VIII, and IX) are believed to be stable in
basic solution11 and must, therefore, be stabilized by the
solvent. Thus it seems that LMO's VIII and IX may show five
bonds to C2 due to the negative charge present in these
species. The highly cationic species (V, VI) may be affected
the same way as the anionic species, but as stated earlier,
nitrogen lone pair donation is critically related to the
geometry at nitrogen.25 So at present it is not clear why
these localized orbitals show five bonds at carbon atoms C2
(VIII and IX), C4 (V), and C8 (IV and VI).
The conformational energy results (Table 2-3) show that
the rotational barrier for the unprotonated species is lower
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TABLE 2-3. Relative Conformational Energies of Adenosine, N3
Protonated Adenosine and 8-Cl-Adenosine
Relative Energy (kcal/mole) ~
Torsion N3 protonated



























than the rotational barrier for the N3 protonated species by
3.22 kcal/mole. The lowest energy conformation for the
unprotonated species occurs when the torsion angle is 30°, and
the next lowest energy occurs for a torsion angle of 210°
(Fig. 2-3). The difference in energy of the syn (210°) and
anti (30°) conformations for unprotonated adenosine is 2.19
kcal/mole, and the rotational barrier is 56.89 kcal/mole (Fig.
2-4).
The conformation corresponding to 210° is calculated to
be the most stable for the N3 protonated species, but the next
lowest energy occurs with a torsion of 0°. The extra
stability for the torsion at 210° may be explained by the
formation of an H-bond between the H at N3 and the oxygen at
C5'. The puckering of the ribose moiety is extremely
important for intramolecular H-bonding interactions.19'26 The
difference in energy of the syn (210°) conformation and the
anti (0°) conformation for the N3 protonated species is only
2.29 kcal/mole, but the rotational barrier is calculated to be
59.71 kcal/mole. These results show that when N3 is
protonated, a larger rotational barrier about the base-ribose
bond is present than the rotational barrier for the
unprotonated species. The lowest energy conformation for the
N3 protonated adenosine is different than the lowest energy
conformation for the unprotonated adenosine. The rotational
barrier for the protonated species is higher than the barrier

















Figure 2-4. Relative conformational energies for rotation
about the base-ribose bond of adenosine, ie CrNq-Ci'O bond
of Figure 2-1. o y l v
48
N3 protonation can cause a change in conformation.
The conformation having the lowest protonation energy
occurs with a torsion angle of 330° (Table 2-4). The
conformation having the next lowest protonation energy occurs
for a torsion angle of 210°. As stated earlier, it is quite
possible that the stability of this conformation may be due to
the formation of a hydrogen bond between the H at N3 and the 0
at C5'. The conformation having the least stable protonation
energy occurs for a torsion angle of 150°. In this
conformation, the adenine moiety is eclipsed with the C5'
carbon (Fig. 2-3). These results show that N3 protonation for
the anti conformation is more stable than N3 protonation in
the syn conformation by 32.2 kcals/mole. Our results are in
excellent agreement with the experimental results11 obtained
for the protonation of 8-Br-5'AMP and 5'AMP, which indicate
that in the syn conformation, the N3 site is not protonated.
Our calculations with torsion angles between 60° and 150°
failed to converge. These angles correspond to conformations
that eclipse the ribose ring (Fig. 2-3). Therefore, it seems
that the base does not rotate freely about the ribosyl
linkage. The hindered rotation about this bond seems to be
due to steric interactions with the ribose ring. In the syn
position the sugar conformation is only slightly biased toward
the C21 endo conformation.1* The C2' endo conformation is
used for the conformation of sugar group in all calculations.
It has been shown that the ribose ring conformation does
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TABLE 2-4. N3 Protonation Energies of Adenosine at Various
Conformations







torsion angle is about the CgNg-C^'O atoms (Fig. I)
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change with the conformation of the base. This may be an
indication why the calculations at these conformations did not
converge. Optimizations at each conformation should remedy
this problem, but this procedure is extremely time consuming
and as such was not performed for each conformation.
We were only able to calculate the electronic energies
for three conformations of 8-Cl-adenosine. The lowest energy
conformation occurs with a torsion angle of 210° (Table 2-3,
Fig. 2-3). Since convergence was not met for a larger range
of conformations for the 8-C1 substituted adenosines than for
the unsubstituted adenosines, it seems that for nucleotides
substituted with bulky substitutents at C3, rotation may be
more restricted than for unsubstituted nucleotides.
CONCLUSIONS
The localized structures indicate that the double bond formed
between Cg and Ng is stronger when N3 is protonated than it is
when N;l is protonated due to the position of the double bonds
within the six member ring of adenine. This is in agreement
with experimental data11, which suggests that the changes
observed in the 1456, and 1578 cm-1 absorptions due to
protonation of 8-Br-5'AMP seem to occur due to the position of
the double bonds in the rings of the base.
Our results also show that N3 protonation for the anti
position is more favorable than N3 protonation in the syn
position by 32.2 kcal/mole, which supports the view that
steric hinderance inhibits protonation at N3 for substituted
adenine nucleotides and nucleosides that exist predominantly
in the syn position. The rotational barrier is higher for N3
protonated adenine than for unprotonated adenine, which
indicates that a change in conformation may also accompany
protonation at N3. For 8-Cl-adenosine, a torsion angle
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